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Ice storms can cause severe damage to forest canopies, resulting in differential mortality among tree species and 
size classes and leading to long-lasting changes in the vertical structure and composition of the forest.  An intense 
ice storm in 1998 damaged large areas of the northern hardwood forest, including much of the Hubbard Brook 
Experimental Forest, New Hampshire (USA).  Following up on detailed post-storm assessments, we measured 
changes in the vertical structure of the forest canopy eight years post-storm.  We focused on how the presence of 
disease-induced advance regeneration of American beech (Fagus grandifolia Ehrh.) has affected canopy structure 
in the recovering forest.  We measured foliage-height profiles using a point-quadrat approach and a pole-mounted 
leaf area index (LAI) sensor. While the total LAIs of damaged and undamaged areas were similar, areas damaged in 
1998 showed an increased proportion of total leaf area between 6 and 10 m above the ground.  The foliage at this 
height is largely (54%) beech.  To the extent that this heavily beech-dominated understory layer suppresses 
regeneration of other species, these findings suggest that rare disturbances of mature northern hardwood forests 
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Severe ice storms are an infrequent but intense 
natural disturbance in many temperate forests, 
including those in the northeastern United 
States.  During severe ice storms, ice accretion 
may temporarily increase canopy mass by 
100%, which, coupled with strong winds, can 
lead to the breaking of branches and bole 
snapping in mature trees, as well as the bending 
of smaller trees (Melancon and Lechowicz 
1987).  Previous research has found tree 
architecture to be important in explaining the 
differential impact of ice build-up among 
species (Lemon 1961).  However, size, 
mechanical properties, age, and health (Lemon 
1961; Boerner et al. 1988; Seischab et al. 1993) 
have also all been linked to differential species 
susceptibility.  In addition to tree-related 
variables, soil conditions (including slope, 
texture, and depth) have been found to affect 
damage patterns (Whitney and Johnson 1984; 
Boerner et al. 1988; Warrilow and Mou 1999). 
Despite differences among species in their 
resistance to damage, in forests affected 
regularly by ice storms there are no shifts in 
species composition if all canopy species are 
well represented in the understory (Whitney 
and Johnson 1984: Warrilow and Mou 1999).  
Yet, in forests undergoing successional species 
shifts, changes in species composition may be 
accelerated (Lemon 1961).  
In 1998, the most severe ice storm in the 
historical record hit the northeastern United 
States and southeastern Canada. In the United 
States, 7 x 104 km2 were impacted, with as much 
as 11 cm of precipitation in 100 hours (Dobbs 
1999; DeGaetano 2000).  Hooper et al. (2001) 
reported that up to 10% of forest biomass was 
lost in parts of Québec; in New Hampshire, 
427,000 ha of forest were damaged (Bofinger 
2001; Irland 1998).  Rhoads et al. (2002) 
estimated that some parts of the Hubbard 
Brook Experimental Forest (HBEF), showed leaf 
area index (LAI) reductions of about one-third 
during the growing season following the storm.  
The damage in HBEF was limited to areas of 
higher elevation, with little to no damage below 
560 m in Watershed 1, and 624 m in Watershed 
6 (Rhoads et al. 2002).  Three growing seasons 
post-storm, total LAI had returned to estimated 
pre-storm levels (Rhoads et al., 2002), despite 
an obvious shift in foliage-height profiles.  
An altered canopy structure can influence both 
biotic and abiotic forest processes.   Canopy 
structure strongly influences bird foraging 
patterns and bird community structure (e.g., 
MacArthur and MacArthur 1961; Holmes and 
Sherry 2001; Faccio 2003).  Ice storm-caused 
gaps have been reported to lead to increases in 
lateral growth of surrounding trees, though the 
response may be delayed (Oliver and Larson 
1996).  Ice storm damage has also been shown 
to increase rates of root and canopy growth up 
to two growing seasons post-storm (Rhoads et 
al. 2002; Battles and Fahey 2000).  The vertical 
distribution of leaves in the forest canopy 
influences its photosynthetic and transpiration 
rates as well as its nutrient content (Aber 
1979a; Forester et al. 2000).  Because of these 
effects, it is important to understand the 
pattern of canopy recovery following the ice 
storm, which can be expected to exceed the 
time it takes total LAI to recover.   
The degree of canopy damage resulting from 
the1998 ice storm varied greatly among the 
dominant tree species at HBEF, with American 
beech (Fagus grandifolia Ehrh.) most heavily 
impacted, in part because they were 
substantially weakened by beech bark disease 
(Rhoads et al. 2002).  The stress of this disease, 
(an infection by a Nectria fungus, spread by the 
introduced insect vector Cryptococcus 
fagisuga), leads to infested trees initiating large 
numbers of root sprouts (Houston 1975; Hane 
2003).  The presence of this advance 
regeneration in the understory may explain a 
dramatic decrease in sugar maple (Acer 
saccharum Marsh.) regeneration (Hane 2003; 
Hane et al. 2003). 
In this study, we revisited the plots established 
by Rhoads et al. (2002) to investigate the 
recovery of the forest canopy of the HBEF 
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following the 1998 ice storm. We re-measured 
total LAI three times: in 2001, 2005 and 2006, 
and characterized the canopy-height profiles of 
damaged and undamaged areas in 2005.  These 
additional data allow us to test the following 
hypotheses: 
1. Canopy-height profiles of ice-damaged areas 
remain significantly different than canopy-
height profiles in undamaged areas eight 
years post-storm.   
2. The relative importance of beech leaf area 
has increased in damaged areas.  
3. In areas that did not have advance beech 
regeneration when damaged, LAI has been 
slower to recover than in areas with 
abundant beech regeneration. 
4. The density of intermediate-sized beech 
trees has increased more in damaged areas 
than undamaged areas. 
Together, if confirmed, these hypotheses would 
support the speculation that the ice storm, 
which damaged diseased beech 
disproportionately, has led to an increase in the 
dominance of sub-canopy beech at HBEF 
(Rhoads et al. 2002).  The extent to which this 
trend will ultimately lead to a shift towards 
beech in the overall species composition of the 




 The HBEF, located in Woodstock, NH 
(4356’N, 7145’W) is a northern hardwood 
forest, dominated by American beech, sugar 
maple, and yellow birch (Betula alleghaniensis 
Britton).  At higher elevations and on rock 
outcrops, red spruce (Picea rubens Sarg.), white 
birch (Betula papyrifa Marsh.), and balsam fir 
(Abies balsamea L.) are dominant (Bormann et 
al. 1970; Schwarz et al. 2001).  The climate is 
cool and humid; mean January temperature is -
8.3° C mean July temperature is 18.7° C, and 
annual precipitation averages 137 cm (Bailey et 
al. 2003).  Soils are mostly well-drained 
spodosols on unsorted basal till, with an 
average depth of 2 m from surface to bedrock 
(Bormann et al. 1970).   
All measurements in this study were made on 
watersheds 1 and 6 (W1, W6), in 15x15 m plots 
studied by Rhoads et al. (2002). Both 
watersheds were cutover in the 1880s and 
again in the 1910s with some salvage logging 
following the 1938 hurricane.  Total live 
biomass on W6 is approximately 220 Mg/ha, 
and has been stable since the 1980s (Fahey et 
al. 2005).  W6 serves as the biogeochemical 
reference watershed, and has not been 
manipulated since the establishment of the 
experimental forest in 1955.  W6 covers 13.2 ha 
with an average slope of 16° and a southeastern 
aspect and elevation ranging from 550-790 m.  
W1 covers 11.8 ha with southeastern aspect, an 
average slope of 19°, and an elevation ranging 
from 490-750 m.  In October 1999, W1 was 
treated with CaSiO3 pellets at a rate of 1.6 Mg 
Ca/ha as part of a cation leaching experiment 
(Peters et al. 2004).  There is no evidence that 
this addition has impacted total LAI or canopy 
structure in W1. In 2002 W6 had a basal area of 
28.4 m2/ha and W1 29.0 m2/ha.  
The only major ice storm recorded at HBEF in 
the second half of the 20th century occurred 
between January 5 and 11, 1998; over the 
course of the storm temperatures ranged from -
1 to 1° C and over 75mm of melted 
precipitation fell in the Hubbard Brook valley 
(Rhoads et al. 2002).  Visual observations 
indicated that ice accumulated above 560 m on 
W1 and above 624 m on W6.  All LAI data are 
pooled data by the damage classes assigned to 
each plot by Rhoads et al. (2002) shortly post-
storm.   
 
Canopy profile measurements  
To measure the heights of individual leaves we 
used a camera with a 35 mm telephoto lens 
that served as a range-finder.  A grid of 15 
points was etched into the camera’s mirror, and 
used as a set of sampling points for leaf height 
measurements.  We adjusted the focus for the 
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leaf at each grid point, and recorded the 
distance corresponding to each focal setting.  
The camera was kept steady and vertical using a 
tripod; measurements were taken at 7 random 
locations along a transect extending from the 
northeast corner to the southwest corner of 
each 15 m x 15 m plot used by Rhoads et al. 
(2002); this gave a total of 105 measurements 
per plot.  Leaf-height measurements were taken 
2 m away from the transect, alternating 
between 2 m northwest and 2 m southeast.  
The height of the lowest leaf intersecting each 
point on the camera lens was measured and 
recorded according to the methods set by 
MacArthur and Horn (1969), as revised by Aber 
(1979a).   If none of the 15 measurement points 
was at least 10 m above ground or in open sky, 
the data for that point were discarded and a 
new set of measurements was taken 2 m 
further away from the transect in the same 
direction.  We calculated the proportion of total 
LAI within each 3 m stratum at the plot scale 
using the equation: 
y = ln ( Nfi / Nf2 )       [1] 
where y is the proportion of total LAI between 
heights f1 and f2 and Nfi is the number of points 
above f1 and Nf2 is the number of points above 
f2  (Aber 1979a).  We report results pooled by 
damage class, with 95% confidence intervals.  
Differences between damage classes in percent 
of total LAI in a given stratum were analyzed 
using unpaired t-tests. 
To compare the profile data with total LAI data, 
we used a plant canopy analyzer (LAI-2000, Li-
Cor Inc., Lincoln, Nebraska) to record LAI at 1 m 
intervals up to 10 m in four undamaged plots as 
well as seven plots with varying degrees of 
damage using the points of measure 
established by Rhoads et al. (2002) in W6.  We 
placed the analyzer on a 10 m telescoping pole, 
moving it up at 1 m intervals. Since it was 
difficult to keep the sensor steady we calculated 
LAI above the sensor at each height using all 
five rings (0-68° from the zenith). We report 
mean cumulative LAI below each height step up 
to 9 m. 
Total LAI measurements 
Total LAI measurements were taken using the 
LAI-2000 plant canopy analyzer (LAI-2000, Li-
Cor Inc., Lincoln, Nebraska), at 1 and 2 meters 
height, following Rhoads et al. (2002).  In each 
of the thirty-two permanently marked 15m x 
15m square plots, measurements were taken at 
each of the ten random points marked by 
Rhoads et al. (2002).  Measurements for 1998, 
1999, and 2000 were reported by Rhoads et al. 
(2002).  We took total LAI measurements in 
2001 and 2005 on all plots, and in 2006 on W6 
only.  All measurements made with the LAI-
2000 were taken in July and August under clear 
skies during 30-40 minute periods immediately 
after sunset or immediately before sunrise to 
take advantage of diffuse lighting conditions.  
Our procedure for data collection was identical 
to the procedure developed by Rhoads et al. 
(2002, 2004) which was found to produce 
results comparable to litterfall collection at the 
watershed level, though with higher precision 
at the plot level (Rhoads et al. 2004).  This 
method has also been verified against litterfall 
collection in other forests (Coops et al. 2004).  
The outer two rings of the sensor were 
eliminated for computation of LAI at 1 and 2m, 
so that the sensor view was from 0-43° from the 
zenith as done by Rhoads et al. (2004). 
The data were pooled by damage class; plots 
below 560 m on W1 and 624 m on W6 
(hereafter referred to as “low elevation” plots) 
were used as undamaged references (n = 10).  
For the examination of long-term trends, the 
damaged plots were further subdivided into 
“mid elevation” (< 710 m, n = 14) and “high 
elevation” (> 710 m, n = 8) bands, following 
Rhoads et al. (2002).  As a metric of recovery at 
the scale of individual plots, we compare the 
LAI measurement taken at 2 m in 1998 (first 
growing season post-storm) to the mean of the 
2 m measurements taken in 2001, 2005, and 
2006 (years 4, 8, and 9 growing seasons post-
storm).  The data for 2001, 2005 and 2006 were 
combined to reduce noise created by inter-
annual variability in the “recovered” post-
disturbance canopy, but data from 1998 were 
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not combined with any other years because LAI 
shows significant recovery by 1999.  Differences 
in mean total LAI between years and elevation 
classes were compared using unpaired t-tests.  
Linear regression was used to examine the 
relationship between total LAI and elevation; 
each plot was examined for 1998 and the mean 
“recovered” period data using linear regression.  
A similar regression analysis was performed 
using the proportion of each plot’s basal area in 
northern hardwood species (beech, yellow 
birch, and sugar maple) in 1997, (Siccama 
unpublished data, www.hubbardbrook.org). 
Canopy species composition data 
In order to identify the trees that accounted for 
the leaves in each height stratum, we 
developed a branch height-DBH relationship 
using all 110 LAI sampling points in W6 (4 
undamaged and 7 damaged plots, each with 10 
sampling points).  Moving the 10 m telescoping 
pole up through the canopy at one-meter 
intervals, we determined the DBH and species 
of the tree to which each leaf within 50 cm of 
the pole was attached.  The DBH data from each 
1-m branch height class was analyzed using an 
unpaired t-test to compare the means between 
damaged and undamaged plots. 
We used the W6 vegetation inventory from 
1997 and 2002 (Siccama unpublished data, 
www.hubbardbrook.org) to determine how the 
stem density of beech trees in each of seven 
DBH size classes (2.0 - 4.9 cm; 5.0 - 9.9 cm; 10.0 
- 14.9 cm; 15.0 - 19.9 cm; 20.0 - 29.9 cm; 30.0 - 
39.9 cm; and > 40.0 cm) was altered by the 
1998 ice storm. Considering only “healthy” 
(alive without obvious crown decline) trees, we 
compared the change in stem density in the 
undamaged plots (elevations 550 - 624 m; n = 
47) to the change in the damaged plots 
(elevations 624 - 780 m; n = 142) using an 






Vertical profile of canopy LAI 
Based on measurements made using the 
camera, the proportion of total canopy leaf area 
in the 6.0 - 9.9 m height stratum was 
significantly greater in the damaged plots (54% 
± 6%) than in the undamaged plots (35% ± 6%; 
Fig 1).  This corresponds to roughly 50% more 
leaf area (15% more of the total canopy) 
located at this height in the damaged plots (p < 
0.01 by both methods; Fig. 1; Fig. 2).  The 
increase in the proportion of total LAI at 6.0 - 
9.9 m in the damaged plots appears to offset a 
large decline in the proportion of LAI above 14 
m in damaged plots (10% ± 5%) relative to 
undamaged plots (31% ± 11%).  However, total 
cumulative LAI to a height of 16 m was similar 
between damaged and undamaged plots (Fig 2).  
If we assume that the canopy profiles were 
initially similar prior to the ice storm, it is clear 
that recovery of LAI has occurred largely in the 
6.0 – 9.9 m height stratum.   For reference, both 
damaged and undamaged forests showed a 
higher proportion of total LAI below 6 m and a 
smaller proportion above 14 m than the nearby 
old-growth forest examined by Aber (1979) 
using the same method (Fig 1). 
Post-storm trends in total LAI 
Total LAI was not significantly different between 
damaged and undamaged plots in 2000, 2001, 
or 2005, the most recent year for which we 
have data on all 32 plots (Fig. 3).  Though the 
2006 data show an increase in total LAI in 
damaged areas, we think that this is most likely 
a result of inter-annual variability.  The 
undamaged plots (the lower elevation band) 
had an average LAI of 7.0 m2/m2 ± 2.1; the 
damaged plots (middle and upper elevation 
bands) had LAI values of 6.8 m2/m2 ± 0.1 and 6.1 
m2/m2 ± 0.7 respectively.  Together with the 
data published by Rhoads et al. (2002), these 
data constitute a time series showing the 
recovery of total LAI in six of the first nine 
growing seasons following the 1998 ice storm.  
Total LAI in the mid and high elevation bands, 
which were severely damaged by the storm, 
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had recovered such that there were no 
significant differences among elevation bands 
by 2000 (Rhoads et al. 2002; Fig. 3), and since 
then the LAI of none of the elevations has 
changed significantly between growing seasons 
(paired two-tailed t-
consistent pattern of a slow increase in LAI at all 
elevations between 2000 and 2005, though no 
two years are significantly different for any 
damage class within this interval.  In 2006, the 
low-elevation plots show significantly lower LAI 
than in previous years, for which we have no 
satisfactory explanation (analysis of individual 
plots over time shows that this is not an effect 
of fewer plots measured in 2006). 
Total LAI currently shows only a weak 
relationship with elevation in the experimental 
watersheds (slope = 0.5 LAI units per 100 m 
elevation, for a difference of about 1 LAI unit 
over the elevation range covered by the data; p 
= 0.06; Figure 4a). In contrast, total LAI in 1998, 
the first growing season post-storm, showed a 
strong trend with elevation, with each 100 m 
increase in elevation resulting in a decrease of 1 
m2/m2 in LAI. (p  < 0.001; Fig. 4a). In 1998, 
elevation explained 37% of the variance in total 
LAI, elevation explains only 12% of the total 
variance in post-recovery LAI (Fig. 4a).  All but 
one plot increased in total LAI between 1998 
and the latest three years of data, though the 
more severely damaged plots at higher 
elevation increased far more than the less 
severely damaged plots at lower elevations (Fig. 
4a).  Some of the difference in recovery is 
attributable to forest type.  Plots with < 70% of 
basal area in beech, birch and maple and thus 
with larger amounts of red spruce, white birch, 
and balsam fir, have much lower LAI values 
post-recovery (2001-2006) than plots with >70% 
northern hardwood basal area, despite there 
being no significant trend in total LAI with forest 
composition in the first growing season post-
storm (Fig. 4b). 
Species composition of canopy strata 
 The mean DBH of trees with leaves at each 
height above 2 m increases similarly in 
undamaged and damaged plots, with the only 
significant difference at 3 m (unpaired 2-tailed 
heteroscedastic t-test, n = 89 branches, p  
0.001; Fig. 5).  This result rules out the 
possibility of branch extension by larger canopy 
trees being responsible for the increased LAI 
from 6.0 - 9.9 m in the damaged plots, and 
implies an increase in density of smaller trees 
(10.0 - 14.9 cm DBH) leading to the increase in 
LAI from 6.0-9.9m. 
The increase in stem density of healthy beech 
trees between 1997 and 2002 was significantly 
greater in damaged than undamaged plots in 
the 5.0 - 9.9 cm and 10.0 - 14.9 cm DBH classes 
(Fig. 6; p-values = < 0.001 and 0.02, 
respectively; Siccama unpublished data, 
www.hubbardbrook.org).  This latter diameter 
class is largely responsible for the LAI in the 6.0 
- 9.9 m height class (Fig. 1; Fig. 2).  The only 
other significant difference in stem density over 
the first five growing seasons post ice storm 
was for the 20.0 - 29.9 cm DBH size class which 
represented the mature trees most heavily 
damaged by the storm, in this cohort, trees in 
the damaged plots showed a decrease in 
healthy beech at a significantly greater rate (Fig. 
6; p = 0.009). 
 
DISCUSSION 
Change in canopy profile of damaged plots 
While total LAI was equal in the damaged and 
undamaged plots in 2005, the vertical profile of 
the damaged plots shows that an increased 
proportion of the total LAI is located between 
six and ten meters above the ground relative to 
the undamaged plots. These data indicate that 
that the mean height of the canopy was lower 
in plots damaged by the ice storm even eight 
growing seasons following the storm.  This 
lower canopy can alter the distribution of 
microhabitats, and has been shown to lead to 
shifts in the bird community through changes in 
foraging success and in turn food abundance 
(Holmes and Sherry 2001).  The changes to the 
vertical profile may also alter the forest’s 
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photosynthetic and transpiration rates as well 
as the forest’s nutrient content (Aber 1979a; 
Forester et al. 2000). 
One possible mechanism for canopy re-growth 
following an ice storm is lateral ingrowth by 
surviving trees in response to increased light.  
The consistent relationship between branch 
height and DBH between damaged and 
undamaged plots (Fig. 5) suggests that eight 
years post storm, tree shape does not reflect 
impacts of ice damage, suggesting that lateral 
growth was not an important factor in the 
increase in leaf area from 6 - 10 m. The 
observed increase in LAI at lower heights in 
damaged plots is largely the result of the 
observed increase in the number of smaller 
trees, particularly those between 5 and 15 cm 
DBH (Fig 6), which correspond with branches in 
the 6–10 m height range (Fig 5).  This response 
is due to the release of suppressed beech 
saplings in canopy openings created by the ice 
storm.  Long-term tree inventory data from W6 
shows that beech has been increasing in 
abundance over the past 40 years, and the ice 
storm accelerated this transition in areas it 
impacted. Total biomass of trees 10 - 16cm DBH 
on W6 declined 34% between 1965 and 2002, 
with beech increasing by 43% and sugar maple 
decreasing by 66% in this size class. 
While the ice storm damaged beech most 
heavily (Rhoads et al. 2002), the presence of a 
large number of beech saplings prior to the 
storm allowed beech to exceed pre-damage 
stem counts in intermediate size classes (< 15 
cm DBH; Fig. 6) and its proportional 
representation in the canopy.  The presence of 
saplings prior to the ice storm was the result of 
stress from beech bark disease and the 
response to increase root-suckering (Houston 
1975).  Disturbances such as the 1998 ice storm, 
which cause damage to, or death of, larger 
trees can result in the initiation of large 
numbers of new beech sprouts, and can also 
increase growth rates among existing beech 
saplings (Houston 1975) and seedlings (Cleavitt 
et al. 2008).  Additionally, seedlings of sugar 
maple, which was recently overtaken by beech 
as the species with the highest basal area on 
W6 (Schwarz et al. 2001), competes poorly with 
beech saplings (Hane 2003; Hane et al. 2003).  
The survival of sugar maple seedlings on W6 is 
quite low, though Ca fertilization on W1 has 
recently resulted in improved survivorship 
(Juice et al. 2006). 
Whole-canopy LAI has not increased 
significantly since the third growing season 
post-storm (Fig. 3), however the distribution of 
that foliage remains significantly altered from 
its pre-damaged state after eight growing 
seasons (Fig. 1; Fig. 2).  We interpret this 
response as the result of the release of an 
advance regeneration cohort, which grew into 
the 5-9 cm DBH class between the ice storm 
and 2002 (Fig 6), and which continued to grow 
and dominate the 6.0-9.9 meter height stratum 
in 2005.   This sustained shift in canopy 
composition toward an increased role of 
intermediate-sized beech could persist longer 
than successional changes following past 
instances of disturbance, in part due to the 
prevalence of beech bark disease and the 
associated increase in sprouting and out-
competing of previously competitive species 
like sugar maple.  As the dominance of 
intermediate-sized beech persists, the 
differences in the vertical structure of the 
damaged canopy will continue to influence the 
patterns and processes of the forest and the 
canopy with the possibility that the vertical 
foliage-height profile will not return to its 
previous structure for the foreseeable future.  
The increased number of beech trees of 
intermediate size (Fig. 6) as well as the 
significantly higher number of beech trees with 
leaves from 2 - 5 m in the damaged plots 
suggests that the ice storm opened the canopy 
and allowed for increased growth and 
survivorship of beech saplings as well as 
increased initiation of beech sprouts.  This 
lowering of the canopy may be a relatively 
novel shift in the structure of the forest.  The 
change in proportion of total LAI in the 
damaged areas can likely be attributed to 
impacts of the ice storm damage rather than 
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land use history, as there is no significant 
difference between the proportion of total LAI 
in the 6.0 - 9.9 m height class in the undamaged 
plots of W6 and W1, which are broadly 
representative of land-use history throughout 
the White Mountain region, and an undisturbed 
old-growth forest 30 km to the east at the Bowl 
Research Natural Area (Fig. 1; Aber 1979b).  
Post-storm recovery of total LAI 
Total LAI was equal to pre-storm values by the 
third growing season post-storm (2000), and 
since 2001, there has been no overall trend in 
total LAI at any elevation, though there may be 
some coherent pattern of interannual variability 
(Fig. 3).  The areas that were classified as 
“undamaged” in 1998 also appear to show 
modest recovery in 2001-2005, though total LAI 
measured in 2006 was not significantly different 
from that measured in 1998 and 1999.  On 
average, plots at higher elevations were more 
heavily damaged than plots at lower elevations, 
and have recovered more since 1998 (Fig. 3; Fig. 
4a).  A weakly significant negative trend in total 
LAI with elevation remains (Fig. 4a), though it is 
far weaker than the trend predicted by Rhoads 
et al. (2002) using allometric equations 
(Whittaker et al. 1974). 
Species composition of the understory may 
dictate the long-term consequences of a major 
disturbance for canopy structure and species 
composition.  This may explain some of the 
differences in recovery pattern seen with 
elevation.  Of the five plots with < 70% of basal 
area comprised of the dominant northern 
hardwood species (beech, yellow birch, and 
sugar maple), four have mean post-recovery 
total LAI of < 5, while no plots with > 70% of 
basal area in northern hardwoods have post-
recovery total LAI values this low (Fig. 4b).  Plots 
with <70% of basal area in northern hardwoods 
tend to be dominated by red spruce, balsam fir, 
and white birch.  This finding is particularly 
striking in light of the fact that there was no 
trend in total LAI with species composition in 
the first growing season post-storm (Fig. 4b).  
However, we cannot eliminate the alternative 
hypotheses that some other factor affects both 
species composition and ability to recover from 
damage (such as soil depth, or water or nutrient 
availability), or that these plots had lower LAI 
before the storm due to other factors.  
Continued monitoring of these plots will be 
necessary to determine the pattern of changes 
over time. 
Consequences for forest composition structure 
and function 
This work supports the conjecture that 
disturbances such as the ice storm will lead to 
increased dominance of beech at HBEF.  The 
positive response of beech to increased light is 
potentially accelerated by beech phytotoxic 
(Hane et al. 2003) or Ca-depletion (Likens et al. 
1998) effects on sugar maple seedlings and 
saplings.   Leak (1987) suggests that sugar 
maple regeneration on granitic soils is at least 
somewhat dependent on seedling-layer light 
availability.  Canham (1988) noted that sugar 
maple had a greater growth response in forest 
gaps relative to beech, although beech saplings 
grew more quickly while shade-suppressed 
(Canham 1990).  Somewhat paradoxically, while 
the beech were found to have been the species 
that was most damaged by the ice storm, the 
current age/species structure of the forest 
implies that the disturbance will ultimately 
result in a higher importance value for beech, 
which in turn makes the forest more susceptible 
to future storm damage.  At the HBEF and 
throughout the northern hardwood forest 
region, beech bark disease affects nearly all 
beech trees with a DBH > 20 cm. Because beech 
bark disease is widespread throughout the 
region at the elevations where the ice storm 
caused intense damage, the interaction 
between these two disturbances is likely 
widespread.  The ice storm appears to have 
accelerated beech bark disease’s negative 
impacts on forest biomass and economic value 
(Forrester et al. 2000). 
Beech has been shown to benefit relative to 
sugar maple in cutting experiments where 
canopy disturbance was moderate (Nolet et al. 
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2007), though little effect of cutting on 
successional shifts in species composition has 
been observed at Bartlett Experimental Forest, 
only 50km east of HBEF (Leak 1987; Leak and 
Smith 1996).  Beaudet et al. (2007) observed 
that beech and sugar maple competed equally 
well in gaps created by the 1998 ice storm in 
Quebec, Takahashi et al. (2007) saw no 
substantial change in overall species 
composition attributable to the ice storm, also 
in southern Quebec.  Increased beech 
dominance at HBEF in response to the ice storm 
appears to be idiosyncratic, and may relate in 
part to the poor regeneration of sugar maple.  
The extent to which other sites in the northern 
hardwood region exhibit this response is 
variable, and likely depends on a wide range of 
factors including edaphic factors and land-use 
history. 
Heavy root-sprouting does not appear to be a 
universal response to beech bark disease.  At 
Bartlett Experimental Forest, beech dominance 
has changed little over the past 60 years, either 
in the canopy (Leak and Smith 1996) or 
understory (Leak 2006).  However, a major 
effect of the disease on sprouting is observed at 
HBEF (Hane 2003).   Houston (2001) observed 
that disease-resistant beech support more 
numerous and healthier root sprouts than their 
disease-susceptible neighbors.  To the extent 
that resistant trees are sufficiently numerous, 
this effect would be expected to reduce the 
incidence of beech bark disease (and therefore 
reduce both ice damage and stress-induced 
root sprouting) in future generations of beech.  
In the absence of increasing resistance, we 
would expect beech root-sprout dominance of 
the advance regeneration cohort to continue, 
with more frequent release of dense sub-
canopy layers under in a generally shorter, 
more damage-prone canopy.  
The increase in the dominance of beech, which 
has low foliar concentrations of base cations 
and N relative to other dominant hardwoods at 
HBEF (Likens and Bormann 1970), can also be 
expected to affect biogeochemical cycles (Finzi 
et al. 1998a,b).  A shift towards a more beech-
dominated forest may also lead to lower total 
aboveground biomass as a result of premature 
death due to beech bark disease, though annual 
litterfall can be expected to remain constant 
(Forester et al. 2000).  While such changes are 
not likely to be reflected in measurements of 
total LAI, they might have an effect on foliage-
height profiles, with canopy height being 
reduced on a sustained basis.   
The ice storm of 1998 is only one of many 
natural and anthropogenic disturbances to the 
HBEF ecosystem and others like it throughout 
northern New England, including hurricanes, 
historical harvesting (Goodale and Aber 2001), 
climate change, N deposition and acidification 
(Likens et al. 1998), and disease.  The 
interaction of these factors will determine the 
structure, composition, and function of these 
ecosystems in the decades and centuries to 
come. The data presented here provide a 
baseline for future studies of changing canopy 
profiles in one of the most intensively studied 
forests in the world. 
 
CONCLUSIONS 
We set out four hypotheses related to the 
effects of the 1998 ice storm on the importance 
of beech at the Hubbard Brook Experimental 
Forest to address the conjecture that the ice 
storm in conjunction with beech bark disease 
may increase the importance of beech in the 
forest, at least temporarily.   Our data suggest 
that this is in fact the case, as the data support 
each of the sub-hypotheses.   
Canopy-height profiles of forest stands 
damaged in the 1998 ice storm are significantly 
different than undamaged areas eight years 
post-storm, even while the total LAI of areas 
damaged in 1998 has recovered to pre-storm 
levels and has been stable since 2000 
(hypothesis 1).  The relative importance of 
beech leaf area has increased more than that of 
other tree species in damaged areas 
(hypothesis 2).  In areas damaged by the 1998 
ice storm, but without advance beech 
regeneration, LAI has been slower to recover 
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than in areas with abundant beech 
regeneration (hypothesis 3).  The density of 
intermediate-sized beech trees (5.0 - 14.9 cm 
DBH) has increased more in damaged areas 
than undamaged areas (hypothesis 4). 
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Figure 1.  Percentage of total canopy leaf area index within four canopy strata  in 
damaged (n = 7) and undamaged (n = 4) plots on W6 of the Hubbard Brook 
Experimental Forest eight years following the 1998 ice storm.  Error bars show 95% 
confidence intervals.  For reference, data from a 200+ year-old stand at The Bowl 
Research Natural Area from Aber (1979) is included.  These data were collected using 
the camera method. 
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Figure 2.  Leaf area index height profiles for damaged and undamaged plots in W6 of the 
Hubbard Brook Experimental Forest eight years following the 1998 ice storm.  Data were 
collected using the elevated LAI-2000 method.  Error bars show 95% confidence 
intervals.  
 




Figure 3.  Mean leaf area index by elevation, and damage class, in growing seasons 1-4 
and 8-9 after the 1998 ice storm within watersheds 1 and 6 of the Hubbard Brook 
Experimental Forest in Woodstock, NH.  Error bars show 95% confidence intervals for 
means.  Data for 1998-2000 were previously reported by Rhoads et al. (2002).  
 
 
* Data for 2006 are from W6 only (total n = 17). 
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Figure 4.  Plot-level leaf area index values from the first growing season following the 
1998 ice storm at the Hubbard Brook Experimental Forest and the mean of three post-
recovery years (2001, 2005, and 2006), plotted against (a) elevation, and (b) percentage 
of each plot’s basal area in beech, birch and maple. 
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Figure 5.  The mean diameter at breast height of trees with branches at each canopy 
height in W6 of the Hubbard Brook Experimental Forest.  Error bars show 95% 
confidence intervals for means.  
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Figure 6.  Changes in stem density of healthy beech trees between 1997, prior to the ice 
storm and 2002, after the ice storm, in ice storm damaged and undamaged areas of W6.  
Asterisks show the size classes for which the absolute changes are significantly different 
between damaged and undamaged areas.  *** = p<0.001; ** = p<0.01; * = p<0.05.  The 
numbers in each bar show the absolute change in stem density per hectare.   
 
 
